EPDs
Two types of EPDs from Thermo Scientific (the EPD-Mk2 and EPD-N2) were used in this work (see Figure 2 ). They use multiple silicon diodes with converters and energy compensation shields as their active elements. Their photon dose response as a function of energy is flat to within ±20% for energies up to 1.5 MeV, and ±50% for energies from 6 to 10 MeV
.
Characterisation

Reference Photon Field Measurements
The photon energy responses of the GM tubes were characterised using the radioisotope photon dose calibration fields ( 241 Am, 137 Cs and 60 Co) of the NPL Dosimetry Group. The linearity and dead-time of each tube were also checked by making measurements with sources of different emission rates and at different distances. Additionally, the GM tubes and EPDs were irradiated using the 300kV X-ray set of the NPL Dosimetry Group. Nine energies were used across the available range which provided valuable data on the photon response function at low energies. The data were combined with the measurements using radioisotope sources to give photon response curves for each type of GM tube.
Monte Carlo Modelling
The dose response of the GM tubes changes by a factor of ~2 over the energy range of photons produced by neutron sources, due mainly to the increase in the pair production cross-section at higher energies. MCNP (4) models were produced for the 3 types of GM tube (the ZP1201 model, using data from Meric (5) , is shown in Figure 3) . A type 8 pulse height distribution tally for photons and electrons, energy binned so that events below the threshold could be excluded, was used with the electron importance of the fill gas set to zero. Fluence response functions were calculated for point energies from 10 keV to 10 MeV using 8 energies per Cs. Figure 4 shows that the modelled responses agree reasonably well with the measurements. This gave confidence in using the models to predict the GM tubes' responses at higher energies.
Measurements in neutron fields
Radionuclide sources
The GM tubes were mounted at distances from 43 to 240 cm from each source to achieve the best compromise between count rate and dead-time correction. For the 241 Am-based sources measurements were made with and without a 2 mm thick lead cap to reduce the 59.5 keV gamma ray. Count rates were converted into dose rates using dose responses calculated using the MCNP model with photon spectra taken from the work of McKay et al (1) . Neutron ambient dose equivalent rates were calculated from the emission rate and anisotropy factor of the source coupled with the appropriate fluence-averaged dose conversion coefficient.
EPDs were fixed to a board at distances of 61 to 77 cm from each source. Integrated photon personal dose equivalents, H p (10,0°), were read-out from the EPDs and the corresponding neutron doses were calculated as for the GM tube measurements.
The results are summarised in Table 2 and show good agreement with the earlier values of McKay et al (1) , Spurný et al (6) , Józefowicz et al (7) and Langner et al (8) . An increase in the photon to neutron dose ratio with decreasing 241 Am activity was observed for bare Am-Be sources. As the ratio was constant with the lead cap in place the likely explanation is that the degree of self-shielding of the 59.5 keV gamma ray increases as the activity and dimensions of the source increase.
Further measurements were made of the photon doses from individual 252 Cf sources with ages ranging from 2 to 42 years using a single GM tube. The results are given in Table 3 and show a clear increase in the photon to neutron dose ratio as the source decays. This is probably due to the relative build-up of the longer half-lived non-spontaneously fissile isotopes (249 and 251) of Cf compared to the neutron-producing 250 and 252 isotopes, and also the build-up of 137 Cs as a fission product.
Monoenergetic fields
Neutron fields produced using LiF targets are the most commonly produced at NPL and are known to have a high photon dose component so these were chosen as the highest priority for investigation. Three standard neutron energies were studied, 70, 144 and 565 keV, and the photon to neutron dose ratios are given in Table 4 . Count rates were converted into dose rates using dose responses calculated using the MCNP model with photon spectra based on information given by Neumann et al (9) .
There was good agreement between 2 types of GM tube used and the EPD-N2s. The ZP1301 GM tubes gave answers at about half the level of the other instruments, possibly pointing to a problem with the MCNP model for that tube, and so these have been excluded from the mean. The EPD-Mk2s gave much higher dose values than the EPD-N2s despite agreeing well for the radionuclide source measurements which points to a divergent dose response at the high photon energies (6-7 MeV) produced by the LiF target. The photon dose (per incident proton on the target) is approximately the same for all three neutron energies.
GM tube measurements were also made for the T(p,n) reaction at a neutron energy of 1.2 MeV. The photon dose was so low it could only be measured with the most sensitive GM tube of the set at 37 cm from the target. The 60 Co dose response was applied in the absence of any spectral data for the actual target, which should give an overestimate of the true dose. The photon dose rates in a number of standard radionuclide and accelerator-based neutron fields have been measured using a set of well-characterised energy-compensated Geiger-Müller (GM) tubes and electronic personal dosemeters (EPDs). This follows on from some earlier work looking at the photon doses from radionuclide neutron sources at NPL (1) with EPDs and an older set of GM tubes.
Introduction
Standard neutron fields are invariably accompanied by a photon component due to the neutron generating reactions and secondary neutron interactions in the surrounding environment. An increasing number of instruments are capable of measuring both neutron and photon dose, however the neutron-sensitive element may be sensitive to photons, and vice versa. Accurate knowledge of the photon component is therefore required when calibrating and type testing such devices.
The photon dose rates in a number of standard radionuclide and accelerator-based neutron fields have been measured using a set of well-characterised energy-compensated Geiger-Müller (GM) tubes and electronic personal dosemeters (EPDs). This follows on from some earlier work looking at the photon doses from radionuclide neutron sources at NPL (1) with EPDs and an older set of GM tubes. 
Conclusion
A new set of GM tubes has been characterised and used, together with EPDs, to measure photon doses in NPL's standard neutron fields. This has confirmed that LiF-based monoenergetic fields can have a high photon component, particularly in the case of 70 keV neutrons, but for 565 keV where the neutron yield is the highest the photon dose is around 2%, relative to the neutron dose. The photon dose fraction for 1.2 MeV neutrons from tritium targets is less than 0.1%.
New values for radionuclide sources generally agree with previously published values. Measurements have shown a clear increase in the photon dose relative to the neutron dose as the activity decreases for Am-Be sources, and a clear increase with the age of the source for 252 Cf sources.
Measurements of the photon spectra of NPL's neutron fields are underway using a high-purity germanium detector. The spectra will be used to improve the GM tube results and will be the subject of a future publication.
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